The human metabolome is a measurable outcome of interactions among an individual's inherited genome, microbiome, and dietary intake. We explored the relationship between dietary intake and serum untargeted metabolomic profiles in a subsample of 1,977 African Americans from the Atherosclerosis Risk in Communities (ARIC) Study in 1987Study in -1989. For each metabolite, we conducted linear regression to estimate its relationships with each food group and food category. Potential confounding factors included age, sex, body mass index (weight (kg)/height (m) 2 ), energy intake, kidney function, and food groups. We used a modified Bonferroni correction to determine statistical significance. In total, 48 pairs of diet-metabolite associations were identified, including multiple novel associations. The food group "sugar-rich foods and beverages" was inversely associated with 5 metabolites in the 2-hydroxybutyraterelated subpathway and positively associated with 5 γ-glutamyl dipeptides. The hypothesized mechanism of these associations may be through oxidative stress. "Sugar-rich foods and beverages" were also inversely associated with 7 unsaturated long-chain fatty acids. These findings suggest that the contribution of a sugar-rich dietary pattern to increased cardiovascular disease risk may be partially attributed to oxidative stress and disordered lipid profiles. Metabolomics may reveal novel metabolic biomarkers of dietary intake and provide insight into biochemical pathways underlying nutritional effects on disease development. African Americans; dietary habits; metabolomics Abbreviations: ARIC, Atherosclerosis Risk in Communities; BDL, below the detection limit; FFQ, food frequency questionnaire; SRFB, sugar-rich foods and beverages.
An unhealthy diet is considered 1 of the factors that has contributed to a rapid increase in the incidence of cardiovascular diseases. The framework in contemporary nutrition science has been largely reductionist in nature (e.g., focusing on deviations from the norm, 1 nutrient at a time) (1) . However, emerging technologies, including metabolomics, permit investigation of the complex relationships among diet, lifestyle, and genes, and these relationships are reflected in metabolic intermediates of multiple physiological and cellular processes (2) . Furthermore, metabolomics offers the potential to facilitate broad assessment of nutritional status (3) because it measures a range of small molecules that characterize the overall biological state of human health (4) . Therefore, metabolomics could play an important role in the identification of novel biomarkers of dietary intake, as well as in the investigation of the mechanism of dietary effects on health and disease.
In a well-characterized, population-based sample of African Americans from the Atherosclerosis Risk in Communities (ARIC) Study, we explored cross-sectional associations of multiple named metabolites quantified by an untargeted high-throughput chromatography/mass spectrometry-based protocol with usual dietary intake measured by a semiquantitative food frequency questionnaire (FFQ). We aimed to identify metabolites pointing to pathways of nutrient metabolism.
STUDY DESIGN AND POPULATION
The ARIC Study is a prospective cohort study designed to investigate the causes and outcomes of cardiovascular disease in 15,792 individuals from 4 US communities (Forsyth County, North Carolina; Jackson, Mississippi; suburbs of Minneapolis, Minnesota; and Washington County, Maryland). Detailed descriptions of its design, objectives, and procedures have been published elsewhere (5) . ARIC participants underwent interviews, fasting venipuncture, and measurement of anthropometric characteristics at the baseline examination. Trained interviewers ascertained basic demographic data, medical history, and information about personal dietary habits.
At baseline, dietary intake was assessed by a 66-item interviewer-administered semiquantitative FFQ, which was a modified version (6) of the 61-item instrument developed by Willett et al. (7) . Participants indicated the frequency with which they consumed specific foods and beverages according to 9 predefined frequency categories, ranging from never or less than 1 time per month to 6 or more times per day (standard portion sizes were given as a reference for intake estimation; pictures and food models were shown to the participants by the interviewers). Brand names of breakfast cereals most commonly consumed and use of salt in cooking and at the table were also ascertained. The reliability and validity of this FFQ has been assessed (6, 8) . Food and beverages from the FFQ were categorized into 29 categories (9), and 20 categories were further collapsed into the following 5 food groups: meat (red and processed meat, pork, and chicken); dairy (milk, yogurt, cheese, and ice cream); fruits and vegetables; grains (whole grain and refined grain products, including biscuits, corn bread, white bread, snack chips, rice, pasta, and ready-to-eat cereal but not desserts); and sugar-rich foods and beverages (SRFB) (sugar-sweetened beverages, chocolate candy, candy without chocolate, cake, cookies, pie, donuts, Danish pastries, and brownies) (9) . The other 9 single-food categories were tea, coffee, diet beverages, fruit juice, fried foods, fish and seafood, nuts and peanut butter, fat (butter and margarine), and eggs. Nutrient intakes were derived from the FFQ responses by using the Harvard Nutrient Database (10) .
Metabolomic profiles were measured in a subsample of African American ARIC participants at the baseline examination, including individuals randomly selected from the Jackson, Mississippi, field center. The participants consented to genetic research, provided high-quality dietary intake data, and fasted for 8 hours or more before the baseline examination (n = 1,977). Among these participants with available metabolomic data, 1,500 randomly selected participants were included in our discovery set, and the remaining 477 participants made up the replication set. Metabolite profiling was completed in June 2010 using fasting serum samples that had been stored at −80°C since their collection at baseline in 1986-1987. An untargeted, gas chromatography/mass spectrometry and liquid chromatography/mass spectrometrybased metabolomic quantification protocol was used by Metabolon, Inc. (Durham, North Carolina) to detect and analyze serum samples (11, 12) . A summary of the assay procedures has been presented in a previous publication (13) . This untargeted approach identified and quantified named compounds the chemical identities of which were known, as well as additional unnamed compounds that did not currently have chemical standards. Only the named compounds were included in the current study. Local institutional review boards approved the ARIC protocol, and all subjects gave written informed consent.
Body mass index (weight (kg)/height (m) 2 ) was measured by field center staff. Race/ethnicity was self-reported. Estimated glomerular filtration rate (in mL/min/1.73 m 2 ) was calculated using the Chronic Kidney Disease Epidemiology Collaboration equation (14) . Alcohol consumption was ascertained in a dietary interview conducted by trained interviewers. Subjects were asked whether they currently drank alcoholic beverages and, if not, whether they ever had. Cigarette smoking status was self-reported and categorized as current or noncurrent smoker. Prevalent diabetes was defined as having a fasting glucose level of 126 mg/dL or higher (15) or currently taking diabetes medication. Prevalent hypertension was defined as having systolic blood pressure of 140 mm Hg or higher, having diastolic blood pressure of 90 mm Hg or higher, or currently taking antihypertensive medication.
STATISTICAL ANALYSIS
On the basis of both practical and theoretical considerations, we divided the 356 named metabolites into 3 groups according to their percent of values that were missing or below the detection limit (BDL) for that metabolite among all 1,977 observations in the combined sample. Group 1 contains 308 metabolites with less than 50% of observations having values that were missing or BDL. The levels of group 1 metabolites were presented by a continuous variable during data analysis with missing/BDL values replaced by the lowest detected values. Group 2 contains 29 metabolites that have a moderate amount of missing/BDL values (50%-80% of observations). For group 2 metabolites, we considered the missing/BDL values as category 1, the measured (i.e., nonmissing/non-BDL) values below the median as category 2, and the measured values above the median as category 3. Group 3 contains 19 metabolites that have more than 80% of observations with missing/BDL values, and we considered the missing/BDL values as category 1 and the measured values as category 2. During data analysis, the levels of group 2 and group 3 metabolites were presented by an ordinal variable using the above-mentioned categories in each group.
Data were presented as means and standard errors for the continuous variables and frequencies (%) for the categorical variables. Baseline characteristics were compared using the χ 2 test for categorical variables and a 2-sample t test for continuous variables. For each metabolite, linear regression was conducted to estimate its relationship with each of the food groups/categories in both the discovery sample and the replication sample. Adjustments were made for age, sex, body mass index, energy intake per day, kidney function measured by estimated glomerular filtration rate, and food groups. The food groups were entered in the regression together, whereas the single-food categories were entered separately, as shown in the following formula. For food groups in quintiles:
Metabolite ∼ meat þ dairy þ fruits and vegetables þ grains þ SRFB þ other covariates.
For each single-food category in quintiles:
Metabolite ∼ single-food category þ meat þ dairy þ fruits and vegetables þ grains þ SRFB þ other covariates.
The β coefficients in the linear models represent the change in standard deviation of each metabolite in group 1, or the change in the categorical unit of each metabolite in groups 2 and 3 for an increase of 1 quintile of each food group/category. The corresponding P values for trend across quintiles of each food group/category were also calculated. Linearity in the associations of food groups/categories with metabolite levels was examined and not generally rejected by introducing a quadratic term of the respective food group/category variable in the above linear regressions (data not shown).
A modified Bonferroni procedure was used in the discovery set to consider the correlations among metabolites and to correct for multiple comparisons (16, 17) . This adjustment takes into account the full correlation matrix of metabolites and uses the mean correlation among the metabolites in the formula, where the new α level for the kth hypothesis for k = 1, 2, . . ., K is readjusted for each individual metabolite according to α k ¼ 1 À ð1 À αÞ 1=m k , where
, and r jk is the correlation coefficient between the jth and kth metabolites. When the average of the correlation coefficients is 0, this adjustment is according to the Bonferroni procedure, and when it is 1, the adjusted and the unadjusted P values are the same. In the discovery set, for the test of association of a metabolite and food groups, the significance level was 1.9 × 10 −4
; and for the test of association of a metabolite and each single-food category, the significance level was 2.1 × 10 −5 , acknowledging the multiple single-food categories (n = 9) with pure Bonferroni correction.
In a secondary analysis including all 1,977 participants, SRFB-related metabolites were further analyzed for their associations with sugar nutrient intake (i.e., fructose, lactose, sucrose, and percent of total energy intake from carbohydrate) by general linear regression. In addition to the nutrient variable, the multivariable model included age, sex, body mass index, energy intake per day, and kidney function as adjustment covariates. The significance level was set at 4.8 × 10 −5 , acknowledging the 4 groups of nutrient intake measurement (i.e., fructose, lactose, sucrose, and percent of total energy intake from carbohydrate). All statistical analyses were performed in SAS, version 9.2, software (SAS Institute, Inc., Cary, North Carolina).
RESULTS
Summary demographic and dietary information of the study population in both the discovery and replication samples is presented in Table 1 . Subjects in the study sample were generally middle-aged and overweight. As expected, participants from the discovery sample and replication sample were similar. The study participants consumed more daily servings of food groups than of single-food categories, consistent with the definition of food groups. They had more servings of fruits and vegetables and grains per day than they had of the other food groups/categories. 
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Among the 356 named metabolites, associations of 48 metabolite-diet pairs were identified and replicated to be statistically significant (Tables 2 and 3 ). The SRFB group was related to more metabolites than the other food groups. There were 23 metabolites significantly related to SRFB intake, including 7 unsaturated long-chain fatty acids, five 2-hydroxybutyraterelated metabolites, 2 sex steroids, 5 γ-glutamyl dipeptides, and 4 metabolites in other pathways (Table 2) . Among the SRFB-associated metabolites, we observed significant associations with sucrose intake and percent of total energy intake from carbohydrate (Table 4 ). These data suggest that sucrose may be the central agent underlying the observed SRFB-metabolite association.
DISCUSSION
We used untargeted metabolomics and FFQ-based dietary information to identify and replicate metabolomic biomarkers of habitual dietary intake in a well-defined sample of African Americans from the ARIC Study. In the following Abbreviations: BDL, below the detection limit; CMPF, 3-carboxy-4-methyl-5-propyl-2-furanpropanoate. a Group 2 metabolites with 50%-80% of values that were missing/BDL. We considered these values as category 1. For the measured values (nonmissing/non-BDL), we considered values below the median as category 2 and values above the median as category 3. These categories formed an ordinal variable, which was used during data analysis. All other metabolites (without footnote designator "a" were group 1 metabolites. paragraphs, we discuss our findings of diet-metabolite associations and their potential implications in diet-disease research. Special emphasis is given to discussion of those observations which, to our knowledge, are novel.
SRFB-related metabolites
The SRFB group, which is the sum of daily servings of candy, desserts, and sugar-sweetened beverages, was inversely associated with 5 metabolites in the 2-hydroxybutyrate-related subpathway and positively associated with 5 γ-glutamyl dipeptides ( Table 2) . We speculate that the associations between SRFB and these metabolites may be through oxidative stress. High-sugar diets cause chronic hyperglycemiainduced oxidative stress (18) , resulting in biosynthesis of γ-glutamyl dipeptides, which are then transported across cell membranes (19) . 2-hydroxybutyrate is a byproduct of the methionine-to-glutathione pathway, and its production is directly related to the rate of hepatic glutathione synthesis as oxidative stress increases (20) . These 2 pathways were also identified to be associated with alcohol consumption in a previous metabolomic study (21) . Additionally, the metabolite creatine, which is also a potential antioxidant, was inversely associated with SRFB intake. The above information supports the hypothesis that the unfavorable effects of SRFB on health and diseases, such as hypertension (22, 23) and diabetes (24) , may be at least partially through oxidative stress.
The SRFB group was inversely associated with 7 unsaturated long-chain fatty acids ( Table 2 ). The precise mechanisms of these associations need further clarification. Sugar-sweetened beverages have been consistently reported to be inversely associated with high-density lipoprotein cholesterol levels (25, 26) and positively associated with lowdensity lipoproteins and triglycerides (26) . Our novel finding of an inverse association between SRFB and unsaturated long-chain fatty acids suggests that the potential contribution of foods rich in added sugar to cardiovascular disease risk (27) may be partially attributable to abnormal lipid profiles.
Two sex steroids, 4-androsten-3β,17β-diol disulfate 1 (a testosterone precursor in vivo (28)) and 5α-androstan-3β,17β-diol disulfate (a metabolite of the androgen 5α-dihydrotestosterone (29)), were inversely associated with intakes of both SRFB and nuts and peanut butter (Tables 2  and 3) , which is, to our knowledge, a novel observation. Not significant a Only the significant associations between the sugar-rich food and beverage-related metabolites and sugar nutrient intake are presented in this table.
b In addition to intake of sucrose or carbohydrate, the multivariable models included age, sex, body mass index (weight (kg)/height (m)
2 ), energy intake per day, and kidney function as adjustment covariates. The significance level was set at 4.8 × 10 −5 , acknowledging the 4 groups of nutrient intake measured (i.e., fructose, lactose, sucrose, and percent of total energy intake from carbohydrate). No significant association of metabolites with fructose or lactose was identified.
c All metabolites listed were group 1 metabolites.
Sex-stratified results are presented in Figures 1 and 2 , respectively, for 4-androsten-3β,17β-diol disulfate 1 and 5α-androstan-3β,17β-diol disulfate, with exogenous sex hormone takers excluded in the combined sample (n = 1,783), showing consistent associations across men and women. This finding is consistent with recent feeding studies showing that glucose ingestion induced a reduction in testosterone levels in men (30) , and serum testosterone levels were higher in the fasting state (31) . The influence of blood glucose on sex steroid levels may be via several mechanisms, including gene regulation (32) and modulation of hormone secretion from peripheral endocrine glands (30) . Peanuts contain phytoestrogens, such as isoflavonoids and lignans, which exert estrogen-like effects (33) and, thus, may inhibit the levels of male hormones. A recent study indicates that sugar-rich beverages may be a risk factor for endometrial cancer (34) , and the association between endogenous sex hormone levels and the risk of breast cancer in postmenopausal women has been well established. Therefore, our findings that dietary SRFB and nuts and peanut butter are associated with sex steroids may be of interest for future study. Our findings of the associations between SRFB and their related metabolites provide further evidence to support the 2010 Dietary Guidelines for Americans, which recommend reduced intakes of foods and beverages with added sugars (35) .
Other food-related metabolites
A few established food-metabolite associations emerged as positive controls (Table 3) . First, the metabolites significantly related to coffee were established metabolites of coffee intake. Second, fish and seafood are predominant sources of intake for eicosapentaenoate and docosahexaenoate in humans, and these metabolites were significantly associated with fish and seafood intake in our study. Third, most of the identified and replicated fruit juice-related metabolites, such as stachydrine and threonate, were previously reported to be found in fruit juice (36) (37) (38) .
There have been several previous studies investigating the relationship between metabolomic biomarkers and dietary intake, but most have considered only 1 or a few food groups (39) (40) (41) (42) or used targeted measurements to focus on a few metabolic pathways (43) (44) (45) . To our knowledge, this study is the first population-based nutrition study using untargeted metabolomics to investigate the association of the human metabolome with a wide spectrum of dietary habits. Nevertheless, measurement variation in dietary intake and the metabolome, unaccounted differences in the gut microbiome and other covariates, differences in sample collection (e.g., serum vs. urine), and chance variation may need to be accounted for as the field considers observed inconsistencies. , respectively.
In the ARIC Study, the metabolomic data are available in a subset of African American participants, but these data represent the largest sample size of metabolomic measurements in African Americans reported thus far. The ARIC blood samples were stored for 2 decades before measurement of serum metabolome. Because the metabolomic profiling techniques have recently emerged, there is no documentation regarding the stability of measuring metabolomic markers in samples stored for such a long period of time. Multiple freeze-thaw studies (46) (47) (48) (49) (50) have suggested that small metabolites are more stable than other larger biomarkers. In the ARIC Study, the correlations between measurements of the common blood analytes at baseline in 1987 and those in 2010 were high (e.g., for glucose in mg/dL, r = 0.9; for cholesterol in mmol/L, r = 0.7; and for blood urea nitrogen in mg/ dL, r = 0.9). Furthermore, we expect that the long-term stability would not affect our overall conclusions about the relationship of food intake with the serum metabolome.
Based on the current incomplete knowledge of the composition of foods and their metabolism, we used an untargeted "bottom-up" metabolomic approach to study the relationship between regular dietary intake and the many small molecules making up the human metabolome. In total, we identified and replicated 48 pairs of associations between a metabolite and food group/category in a large community-based sample of African Americans. Established, as well as novel, metabolomic biomarkers of dietary intake emerged. The SRFB food group was associated with more metabolites than the other food groups/categories, and some of these associations may be through oxidative stress mechanisms. These associations provide novel functional insights for diet-disease associations that have been reported in previous studies. Application of metabolomics within human nutrition science will promote research aiming to evaluate diet-disease relationships. The Atherosclerosis Risk in Communities Study is a collaborative study supported by the National Heart, Lung, and 
